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ABSTRACT

The detailed understanding of energy transfer between hot electrons and lattice vibrations at non-cryogenic temperatures relies primarily
upon the interpretation of ultrafast pump–probe experiments, where thermo-optical models provide insight into the relationship between
optical response and temperature of the respective sub-systems; in one of the more studied materials, gold, the Drude model provides this
relationship. In this work, we investigate the role of intra- and interband contributions applied to transient optical responses in ultrafast
pump–probe experiments using both experiments and first-principle calculations, with probe wavelengths spanning from UV wavelengths
into the infrared. We find that during conditions of electron–phonon equilibrium, the Drude model is not applicable to visible wavelengths
due to interband transitions. Instead, at probe wavelengths far from these interband transitions (e.g., infrared wavelengths), the optical
response is linearly proportional to the temperature of the phonon sub-system and is no longer obfuscated by Fermi-smearing, thus greatly
simplifying the extraction of the electron–phonon coupling factor. Our intraband-probe measurements on the electron–phonon coupling
factor of Au are in excellent agreement with analytical models and ab initio calculations; we observe a constant electron–phonon coupling
factor up to electron temperatures of at least �2000 K.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0043950

I. INTRODUCTION

Energy transfer among out-of-equilibrium particle populations
is the fundamental basis for a number of applications where tem-
porally short excitation sources are utilized. Examples range from
high-frequency, high-power electronics where electronic relaxation
defines the rate of charge transport1,2 and, at sufficiently high
fields, induces dielectric breakdown,3–5 to photothermal therapies6,7

and material processing8,9 with ultrafast sources, where the
heat-affected zone is heavily dictated by the rate of which electrons
couple to vibrational states. The majority of understanding of these
non-equilibrium processes is rooted in the interpretation of
ultrafast pump–probe reflectivity measurements. In metals, the
relation between non-equilibrium energy transfer rates and the
measured optical response is most commonly understood within

the framework of the two-temperature model (TTM).10 In a typical
experiment, a sub-picosecond laser pulse excites the electron sub-
system to very large temperatures, while the lattice remains cold.
Following a time determined by the material’s electron–phonon
coupling constant, G, these electrons gradually transfer their energy
to the material’s lattice; the two systems eventually reach equilib-
rium and diffusive heat transfer processes ensue; a general sche-
matic of this process is shown in Fig. 4(a). The most common
method used to interrogate these electron and phonon dynamics
during and after sub-picosecond laser heating is through monitor-
ing the reflectivity of a time-shifted probe pulse. The transient
change in reflectivity of the probe pulse due to the heating from
the sub-picosecond heating event is then assumed to be a measure
of the transient temperature changes in the metal. Without
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invoking physical models, the probe reflectance change due to
these pump-induced temperature excursions is given simply
by Ref. 11,

ΔR
R

¼ R(T)� R(T0)
R(T0)

, (1)

where R is the reflectivity prior to excitation at an initial temperature
T0, and R(T) is the probe reflectivity at the excited temperature T .
Inclusion of the TTM simply re-states this relationship as a func-
tion of the individual temperatures of the electron and phonon
subsystems, e.g., R(Te, Tp). The magnitude of reflectivity change
due to these temperature excursions is thus defined by the thermo-
reflectance coefficients, dR=dTe and dR=dTp. Through these rela-
tions, one can, in theory, directly relate the measured reflectivity to
the temperature transients of the two subsystems.

While the basis of this approach is straightforward, knowledge
of these thermo-optic coefficients is crucial toward accurately under-
standing the non-equilibrium energy transfer dynamics and measur-
ing thermophysical properties such as G. Without a priori
knowledge of dR=dTe and dR=dTp, which are also both wavelength
and temperature dependent, it is difficult, if not nearly impossible, to
accurately separate these optical coefficients from the thermophysical
properties of interest. This issue has led to a large discrepancy in
reported values of the electron–phonon coupling factor, G, via
pump–probe measurements. In the case of gold, due to its relatively
flat density of states around the Fermi energy and its high Debye
temperature, one should expect a constant G at elevated temperatures
above the Debye temperature, given by Refs. 12 and 13,

G ¼ π2m*
eC

2
s ne

6τ(Te)Te
, (2)

where m*e is the effective mass of the electrons, Cs is the speed of
sound, ne is the electron number density, and τ(Te) is the electron
relaxation time. In many cases, τ(Te) � 1=Te, leading to the expecta-
tion of a constant G.14 Regardless of analytical derivations and theo-
retical/computational studies, many experimental works report a G
that is not constant as a function of fluence/electron temperature.
Likewise, experiments performed under nearly identical conditions,
such as similar electronic temperature excursions, report differing
values for G.15–22 These differences have been hypothesized to be
driven by fluence-dependent electron scattering processes in parallel
to the electron–phonon interaction, non-thermal relaxation of the
excited electron system or steady-state heating that would occur due
to pulse accumulation from high repetition rate laser pulses but not
in lower repetition rate amplified systems (i.e., measurement arti-
facts). Clearly, a self-consistent experimental understanding of the
role of electron temperature on the electron–phonon coupling factor
in gold is missing, leaving theories of electron–phonon coupling in
metals during non-equilibrium conditions unverified.

Thus, the questions that we seek to answer in this work are:
(i) what is the cause of the wide range of values and discrepancies
reported for G of gold? and (ii) how does the electron–phonon cou-
pling factor of gold vary with electron temperature during non-
equilibrium conditions when Te = Tp?

Most pump–probe systems are based on a visible-to-near
infrared lasers, commonly centered at a wavelength of 800 nm. The
static optical properties of Au at these wavelengths, and most
metals, are in fact dominated by free electrons and are well
described by the Drude model.23 Given this, it is commonly, albeit
potentially incorrectly, assumed that the pump-induced change in
optical properties due to temperature excursions lie within this
Drude regime. For a given temperature excursion, there are two
physical considerations. The first temperature-dependent term in
the Drude model is the plasma frequency, defined as

ω p ¼
ffiffiffiffiffiffiffiffiffiffiffi
nee2

m*e ϵ0

s
: (3)

While the effective mass, m*e , can have a temperature depen-
dence, it is typically negligible for free, intraband electrons. Rather,
the number density, ne, has the most prominent temperature
dependence, as it is directly related to the thermal expansion coeffi-
cient of the lattice. Note that, e, the charge of an electron, and ϵ0,
the permittivity of free space, are physical constants with no tem-
perature dependence. The second temperature dependence arises in
the scattering rate of the free electrons, which is commonly esti-
mated through Matthiessen’s rule, τ�1

f ¼ AeeT2
ee þ BepTp, where Aee

and Bep are constants related to the temperature-dependent elec-
tron–electron and electron–phonon scattering rates, respectively.

There are a number of intrinsic flaws associated with this
approach. First, while the Drude model applies to near-infrared
(NIR) wavelengths under static conditions (e.g., 800 nm), the
optical response following short-pulse excitation is strongly depen-
dent on interband transitions under conditions of strong electron–
phonon non-equilibrium due to smearing of the Fermi–Dirac
distribution at elevated electron temperatures.24–26 Thus, the Drude
model should not be expected to be applicable. Further, the tem-
perature coefficients lack a wavelength dependence, indicating the
perturbation of the optical response due to a temperature excursion
lacks a wavelength dependence, which is well-known to not be the
case. Finally, these scattering coefficients are derived from low-
temperature resistivity methods;27 in the original work where Aee is
defined, the coefficient is explicitly defined as not being applicable
to radiation frequencies corresponding to visible light.28

Recent works have avoided these models, and instead rely on
perturbation theory to relate the electron temperature to interpret
transient reflectivity data at visible wavelengths;26 this approach
provides one of the more accurate determinations of the electron–
phonon coupling factor.29 In fact, Hohlfeld et al. directly monitored
the temporal evolution of the Fermi–Dirac distribution in Au fol-
lowing short-pulse excitation, providing a direct measure of the
electron temperature. In doing so, they provide a commonly refer-
enced value for the electron–phonon coupling factor
(G ¼ 2:1� 1016 Wm�3 K�1).19 While this approach is highly accu-
rate, it is far from straightforward; this approach requires pump–
probe data to be acquired at a large number of wavelengths
centered about the interband transition of the metal of interest to
directly measure the electron temperature. Furthermore, in metals
with more complex band structures than that of Au, where multiple
electron transitions occur in a small energy range, the ability to
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directly relate reflectance to the change in electron distribution can
be extremely difficult.26

Nonetheless, these inadequacies provide crucial information
toward the measurement of electron–phonon interactions via ultra-
fast pump–probe measurements. As referenced above, the tempera-
ture of the phonon subsystem contributes significantly to the
transient reflectivity signal and is weakly dependent on wavelength.
In the regime of which reflectivity is considered to be intraband in
nature, and thus the Drude model is applicable, one obtains a
nearly constant thermoreflectance coefficient, which is dominated
by the temperature rise of the phonon subsystem. Conversely, the
temperature of the electron subsystem and its associated thermo-
optic coefficient is strongly dependent on wavelength, due to its
strong dependence on interband transitions but trends toward zero
at photon energies far from interband transition threshold.25,26

Given such, we expect that for probe wavelengths far from the
interband electronic transitions in a metal, that the thermoreflec-
tance is dominated, if not solely proportional to, the lattice temper-
ature of the metal.

In this work, we investigate the role of interband contributions
applied to transient optical responses in ultra-fast pump–probe
experiments using both experiments and first-principles calcula-
tions. We interrogate the temporal dynamics of �20 nm Au on
insulating substrates following excitation with a 400 fs, 520 nm
pulse using probe wavelengths spanning from 0.85 to 4.35 eV
(1500–285 nm) as a means of separating the contributions of the
electron and phonon subsystems to the perturbed optical response.

Furthermore, we perform ab initio calculations to understand the
role of intra- and interband contributions to the modulated optical
response. In doing so, we find that the electron–phonon coupling
factor of Au is in fact constant at least up to electron temperatures
of �2000 K, consistent with Eq. (2) and free electron theory.
In doing so, we posit that the variations in the reported values of G
in Au from prior literature could be obfuscated from interband
transitions leading to inaccuracies in the thermo-optical model.
We summarize an array of reported literature values for the elec-
tron–phonon coupling factor of Au as a function of the tempera-
ture of the electron subsystem in Fig. 1(b).

II. RESULTS AND DISCUSSION

In excellent agreement with a wealth of literature, we find the
ultrafast transient dynamics to be strongly dependent on the probe
wavelength in the visible; an example of this observation is shown
in Fig. 2. Even in cases of constant pump fluence, ensuring a cons-
tant electron–phonon coupling factor, and thus constant tempera-
ture transients for the two subsystems, the signals are vastly
different for the two probe wavelengths. This observation is tradi-
tionally attributed to a variation in thermo-optic coefficients for
each wavelength; as the wavelength approaches resonance with an
electronic transition, dR=dTe increases. Indeed, a fit of the TTM to
our experimental data demonstrates that dR=dTe is strongly depen-
dent on the wavelength of the probe, at least for visible wavelengths.
Conversely, the phonon-contribution to modulated reflectance,

FIG. 1. (a) Experimental schematic of our optical pump–probe measurements on Au (left) and a diagram of the various thermal carrier dynamics following pump excitation
in Au (right). (b) Compilation of previous literature values for the measured electron–phonon coupling factor of thin Au films as a function of excited electron temperature
are shown as solid symbols, and models and density functional theory calculations are shown as lines. The experimental results are based on ultrafast pump–probe exper-
iments with probe wavelengths in the visible, typically ,800 nm.
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dR=dTp, is weakly coupled to wavelength. Additionally, at most
visible wavelengths, dR=dTp is found to be orders of magnitude
greater in magnitude than dR=dTe, in agreement with prior
works.11

To understand the role of interband contributions to thermor-
eflectance measurements and its effect on interpretation of G, we
perform fits of the two-temperature model to our experimental
data, acquired as a function of both varying probe wavelength and
pump fluences. In these TTM calculations to extract G, we consider
three different scenarios of free variables to avoid overfitting. In
one case, as done in most prior works, we use literature values for
the thermo-optic coefficients, and fit only for the electron–phonon
coupling factor (e.g., fit for G, hold dR=dT constant). In the second
case, we perform these TTM calculations assuming a constant
electron–phonon coupling factor but instead fit for the thermo-
optic coefficients (e.g., hold G constant, fit for dR=dT). In the final
scenario, we repeat these calculations with both the thermo-optic
coefficients and electron–phonon coupling factor as free variables
(e.g., fit for both G and dR=dT). We note that the parameters in
these TTM calculations are consistent with our previous works11,30

and values reported in the literature;31,32 the thermophysical
parameters necessary for these calculations can be found in Table I.
While most parameters are weakly coupled to temperature, we
account for the temperature dependence of the electronic heat
capacity via Ce ¼ γTe; the other parameters of interest are validated
via time domain thermoreflectance (TDTR) measurements (e.g.,
the total thermal conductivity of the film and substrate). We addi-
tionally note that as the cross-correlation time of the pulses used in
our experiments is greater than the timescale of which electrons are

non-thermal, we approximate this electron thermalization time as
simply an increase in the pulse width. In other words, we utilize an
effective pulse width that is the sum of the true pulse duration and
the electron thermalization time (e.g., τ pulse,eff ¼ τ pulse þ τee), con-
sistent with prior works.10,11,33 Note that we utilize this model for
the calculation of all electron temperatures referenced in this work.
The results of these three fitting procedures to our experimental
data are summarized in the following discussion.

As expected, if we fit for both the thermo-optic coefficients as
well as the electron–phonon coupling factor, the transient model
produced by the TTM is in perfect agreement with our experimen-
tal data, however un-physical as this approach may be due to
concerns of overfitting. In contrast, if one assumes a constant elec-
tron–phonon coupling factor, while fitting for the thermo-optic
coefficients, the model fails to capture the experimental data for
probe wavelengths close to the interband transition of Au; this
approach is found to only show good agreement only for
wavelengths above �700 nm for the fluences used in this work
(�1–15 Jm�2). Similarly, if one uses thermo-optic coefficients
obtained from the Drude model and fit for G, the TTM calcula-
tions to deviate greatly from the experimental data as the interband
transition is approached; in other words, the TTM fits poorly to
the experimental data for this scenario.

To understand the origin of this deviation, we perform ab
initio calculations of the excitation, relaxation, and time-
dependent optical response using the approach detailed in Ref.
34. Briefly, we combine density-functional theory and maximally
localized Wannier functions35 to evaluate contributions of direct
interband and phonon-assisted intraband transitions to the
carrier distributions (pump excitation) and time-dependent
complex dielectric function (probe response) of the metal.36,37

The hot carrier energy distribution is evolved using the
Boltzmann Transport Equation (BTE) with an ab initio collision
integral including electron–electron and electron–phonon scatter-
ing. This parameter-free approach predicts the time-dependent
optical response of the metal after pump excitation in quantitative
agreement with ultrafast experiments on different plasmonic
geometries and materials.34,38

The computational framework described above provides the
temporal evolution of the complex dielectric function, separated
into direct and indirect contributions as

ϵ(ω, t) ¼ ϵdirect(ω, t)þ ϵindirect(ω, t), (4)

FIG. 2. Experimental data for 20 nm Au films on sapphire substrates at probe
wavelengths of 650 nm (black squares) and 850 nm (blue triangles). The pump
fluence is approximately 5 J m�2 in both cases. Using a perturbed Drude model
to relate the electron/phonon subsystems to their respective temperatures yields
over a factor of two difference in the calculated electron–phonon coupling factor,
even with a constant excitation fluence.

TABLE I. Parameters used for the two-temperature model calculations in this work,
where γ is the temperature-dependent coefficient of the electronic heat capacity
(Ce = γTe), Cp is the phonon heat capacity, and κe and κp are the thermal conductiv-
ity of the electron and phonon subsystems, respectively. κe is determined from four-
point probe measurements on our film.

Parameter Au film Al2O3 substrate

γ (J m−3 K−2) 68 0
Cp (MJ m−3 K−1) 2.49 3.06
κe (Wm−1 K−1) 135 0
κp (Wm−1 K−1) 5 35
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where ω is the frequency of the probe beam. Implementing this
dielectric function into the Fresnel equations provides a modulated
response given by

dR(ω, t)
R(ω, t)

¼ g 0(ω, 0)
g(ω, t)

(dϵdirect(ω, t)þ dϵindirect(ω, t)), (5)

where g and g 0 are the electronic density of states before and after
optical pump excitation, respectively.

As shown in Fig. 3, we find that interband contributions to the
modulated response dominate the optical response at ultrafast time-
scales for wavelengths less than �700 nm, invalidating the applica-
tion of the Drude model to pump–probe data. Furthermore, with
increasing fluence, smearing of the Fermi–Dirac distribution leads
to a large interband contribution to the modulated response, even
for wavelengths initially far from the d-to-s-band transition in Au.
Attempting to fit these first-principles results with a TTM leads to
similar issues as found in our experimental data; when the inter-
band contribution to the modulated response becomes significant,
the perturbed Drude model and/or fitting with a constant G fails.

These first-principles calculations as well as the extrapolation
of the wavelength dependence in the thermo-optic coefficients for
visible wavelengths elucidate a means to avoid thermo-optical
models that are not widely applicable; for probe wavelengths suffi-
ciently far from electronic transitions, the optical response becomes
truly free-electron-like. This Drude-like response ultimately lacks
sensitivity to the electron temperature and is instead indicative of
solely the temperature of the phonon subsystem. Additionally, this
free-electron response is linearly proportional to the lattice temper-
ature. This has the advantage of the changes in reflectivity being
driven by relatively smaller temperature rises, since the heat capac-
ity of the lattice is orders of magnitude lower than the heat capacity
of the electrons. Thus, the non-equilibrium dynamics due to large
excursions can be monitored through the much smaller tempera-
ture rises of the lattice. In most pump–probe experiments that
interrogate these non-equilibrium dynamics of materials in the
reversible, non-damage fluence/temperature regime, these lattice
temperature rises can be minor and less than a few hundred Kelvin.
This greatly simplifies the thermo-optic analysis used in relating

the electron and phonon temperature rises to the measured
changes in probe reflectivity, in that in this limit of perturbatively
small temperature changes, a linear relationship can be assumed
between the changes in reflectivity and change in temperature. This
linear relationship will remain true for relating dR(Tp) to the lattice
temperature rises even during large electron temperature changes
where dR(Te) is a more complex, nonlinear function of Te.

11

Therefore, assuming the transient probe thermoreflectance
response is in the pure Drude, free-electron regime, the measured
change in reflectivity is directly proportional to the temperature
evolution of the phonon subsystem, given by

Cp
δTp

δt
¼ ∇(κ p∇Tp)þ G(Te � Tp), (6)

where Cp and κ p are the heat capacity and lattice thermal conduc-
tivity of the lattice, respectively. For sufficiently thin films, the
thermal conductivity term can be neglected, as the film is homoge-
neously heated at timescales corresponding to electron–phonon
coupling (i.e., the film thickness is less than, or similar to, the
optical skin-depth of the pump beam). Thus, in directly monitoring
the temperature evolution of only the lattice, the exponential rise
time in the modulated signal is equivalent to Cp=G.

We experimentally demonstrate this hypothesis at wave-
lengths far from the interband transition, even following ultrafast
excitation, using probe wavelengths in the UV and NIR, corre-
sponding to photon energies of 4.35 and 0.85 eV, respectively. At
these wavelengths, the electronic temperature must be in excess of
5000 K to allow interband transitions to affect the optical response
of the probe. (While the agreement between IR and UV probes
may be somewhat non-intuitive, as the UV photons excite inter-
band transitions on their own, recall that we are measuring the
change in optical properties of the Au film following pulsed exci-
tation. Thus, the Fermi–Dirac distribution tail must sufficiently
smear the d-band electrons to see a change in their initial transi-
tion probability.) As shown in Figs. 4(a) and 3, the transient
response is vastly different from the typical response at visible
wavelengths; there is no presence of a “hot-electron” peak, fol-
lowed by a decay over a few picoseconds. Rather, there is a clear

FIG. 3. Relative contribution of direct interband transitions to the probe response of Au at an absorbed fluence of 1 J m�2 (left) and 10 J m�2 (right) for wavelengths of
600, 700, 900, 1100, and 1300 nm. λ signifies the probe wavelength.
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exponential rise in the signal, qualitatively similar to the expected
increase in lattice temperature following pulsed excitation. Indeed,
using the same least squares minimization routine as performed
for probe wavelengths in the visible, we find a constant electron–
phonon coupling factor for both UV and NIR probes, regardless
of fluence. Additionally, the rise time is in excellent agreement
with our first-principles calculations. This finding of a constant G
is in contrast to a number of experimental works, including our
own data at visible wavelengths. Nonetheless, the finding of cons-
tant electron–phonon coupling factor is in excellent agreement
with computational and theoretical approaches for the electron
temperatures observed in this work, as well as experimental works
that directly monitor the decay of the Fermi–Dirac distribution19

or the lattice via ultrafast electron diffraction.39 We attribute the
discrepancy between our data far from interband transitions and
previous experimental works/our visible data to the assumed rela-
tions defining the thermo-optic coefficients at visible wavelengths.
We compare our data to an array of literature values for the elec-
tron–phonon coupling factor of thin Au films and nanoparticles
and show excellent agreement with works that directly monitor
the electron temperature evolution of Au.19 Additionally, G mea-
sured with probe wavelengths far from the smeared Fermi–Dirac
distribution is found to be relatively constant, in agreement with
both recent ab initio calculations,40 including work37 that relied
on the same computational methodologies described within this
work, and analytical formalisms Eq. (2); these data are summar-
ized in Fig. 4(b).

III. CONCLUSION

We demonstrate through a combination of pump–probe mea-
surements with wavelengths spanning UV (285 nm) through the
NIR (1500 nm) paired with ab initio calculations that the electron–
phonon coupling factor of Au is constant up to electron tempera-
tures of at least 2000 K. At wavelengths far from the interband
transition of Au, the modulated probe response is dominated by
the lattice temperature and allows one to avoid convoluted optical
models to interpret the transient response. Additionally, although
the static optical response of Au can be described through the
Drude model, Fermi-smearing invalidates the use of a perturbed
Drude model to describe the modulated response for most visible
wavelengths. Thus, while more advanced measurement techniques
that can directly monitor transient atomic temperatures (e.g.,
ultrafast diffraction experiments) provide excellent insight into
inter-particle scattering and coupling,39 similar information on
the lattice response can be obtained through optical reflectivity
measurements, as shown in this work.

Based on the results within, this work elucidates upon the
optical regime in which one can perform pump–probe studies to
simplify the optical response of Au, which should be easily
extended to other metals/materials. In particular, we demonstrate
that one can directly interrogate the lattice temperature of metals,
without obfuscation of hot electrons, by utilizing probe wavelengths
that are sufficiently far from optically induced interband transi-
tions; with any a priori knowledge on the band structure of a given
metal, the probe wavelength can be chosen to be within this

FIG. 4. (a) Experimental pump–probe data at a wavelength of 1300 nm for fluences corresponding to electron temperature rises of �1100 K (black squares) and
�2200 K (blue circles and magenta diamonds) demonstrate the transient reflectivity is dominated by the lattice temperature of the Au, thus eliminating interband contribu-
tions. (b) Measured electron–phonon coupling factor from this work’s ultrafast pump–probe experiments (symbols), ab initio calculations (dashed red and dotted black
lines), and calculated from Eq. (2) (solid blue line). At visible probe wavelengths, the measured G displays anomalous nonlinearities due to an incorrect application of the
Drude model, whereas probe wavelengths that measure far from perturbations of the Fermi–Dirac distribution (e.g., probe via intraband excitations) is relatively constant as
a function of electron temperature, up to electron temperatures of �2500 K. We find a constant electron–phonon coupling factor that is in excellent agreement with previous
works that directly monitor the electron temperature distribution.19
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regime. Further, through comparison of ab initio calculations and
the wavelength-dependent ultrafast response of metals, the conver-
sion of energy from hot electrons into phonons can be readily
understood.38
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